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Abstract
The electricity sector is dependent on rivers to provide ecosystem services that help regulate excess heat,
either through provision of water for evaporative cooling or by conveying, diluting and attenuating waste
heat inputs. Reliance on these ecosystem services alters flow and temperature regimes, which impact fish
habitat and other aquatic ecosystem services. We demonstrate the contemporary (2000–2010) dependence
of the electricity sector on riverine ecosystem services and associated aquatic impacts in the Northeast US, a
region with a high density of thermoelectric power plants. We quantify these dynamics using a spatially
distributed hydrology and water temperature model (the framework for aquatic modeling in the Earth
system), coupled with the thermoelectric power and thermal pollution model. We find that 28.4% of
thermoelectric heat production is transferred to rivers, whereas 25.9% is directed to vertical cooling towers.
Regionally, only 11.3% of heat transferred to rivers is dissipated to the atmosphere and the rest is delivered
to coasts, in part due to the distribution of power plants within the river system. Impacts to the flow regime
are minimal, while impacts to the thermal regime include increased river lengths of unsuitable habitats for
fish with maximum thermal tolerances of 24.0, 29.0, and 34.0 ◦ C in segments downstream of plants by
0.6%, 9.8%, and 53.9%, respectively. Our analysis highlights the interactions among electricity production,
cooling technologies, aquatic impacts, and ecosystem services, and can be used to assess the full costs and
tradeoffs of electricity production at regional scales.
Keywords: thermoelectricity, thermal pollution, water temperature, river ecosystem services, Northeast
USA
S Online supplementary data available from stacks.iop.org/ERL/8/025010/mmedia

1. Introduction
Content from this work may be used under the terms of
the Creative Commons Attribution 3.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.
1748-9326/13/025010+10$33.00

Thermoelectric power plants are the largest users of
freshwater in the United States (US) (Averyt et al 2011)
1
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have predicted water temperatures in a changing climate (van
Beek et al 2012, van Vliet et al 2012, Wu et al 2012), but
have not quantified the capacity of river systems to attenuate
anthropogenic heat loads.
Both OTC and RCC cooling methods come at potentially
significant environmental costs, specifically, reduced river
flow and increased water temperatures (Vassolo and Doll
2005, Averyt et al 2011). Re-circulating cooling towers
withdraw relatively small volumes from the river, but these
withdrawals are mostly consumptive, thereby putting fish
habitat and other downstream water uses at risk during
low flow periods. Once-through cooling technologies are
less consumptive of water but require substantial water
withdrawals and return flows are at elevated temperatures.
Increased water temperatures can reduce the abundance and
connectivity of suitable habitats for native fish and can create
refugia for cold-intolerant invasive species (Morgan et al
2003, Rosa et al 2012).
Here we apply a spatially distributed river water
temperature model coupled with a thermoelectric power plant
model (TP2M) to characterize the contemporary (2000–2010)
dependence of electricity production on freshwater ecosystem
services, and the resulting impact on receiving freshwaters.
We apply this model to rivers in the Northeast US, which
contains a high density of thermoelectric power plants serving
the region’s high energy demands (Wilbanks et al 2008).
Specifically, our goals are to (1) calculate how much regional
electricity production depends on engineered cooling towers
versus riverine ‘horizontal cooling towers’ for transferring
heat away from thermoelectric power plants, (2) quantify
the benefit that thermoelectric power plants receive from the
regulation of excess heat by freshwaters, and (3) assess the
consequences of relying on these riverine ecosystem services
in terms of altered freshwater temperatures and flow regimes.

and globally (Vassolo and Doll 2005). They provide 90%
of electricity consumed in the US, and an even a greater
proportion in the northeastern part of the country (Averyt et al
2011). Thermoelectricity production relies on biophysical
processes of freshwater ecosystems to provide coolant or for
conveyance, dilution, and attenuation of waste heat loads.
As a result, power generation has the potential to stress
freshwater ecosystems through both reduced river flows
via consumptive use by cooling towers (Sovacool 2009,
MacKnick 2011) and the discharge of thermal pollution. It
is important to quantify anthropogenic water use and its
implications (Postel and Richter 2003, King et al 2005)
as overuse can result in significant degradation to river
flow regime, biogeochemistry (Meybeck and Helmer 1989,
Meybeck 2003) and aquatic habitat (MEA 2005). Here we
apply the ecosystems services concept (Smakhtin et al 2004,
Sweeney et al 2004, Richter et al 2006, Brauman et al
2007) to understand how aquatic ecosystems support a critical
economic activity, thermoelectric power production.
The two most commonly applied methods for thermoelectric plant cooling are ‘re-circulating cooling’ or
RCC, which typically utilize evaporative cooling towers;
and ‘once-through cooling’ or OTC, where waste heat is
transferred directly to rivers (Averyt et al 2011). Both
approaches rely on aquatic ecosystem services, with the
former requiring consumptive water use, and the latter
depending on transport, dilution, and dissipation processes
in natural waterways (Brauman et al 2007). Electricity
production at both OTC and RCC plants are inherently linked
to ambient air and water temperatures, as output efficiencies
decrease with elevated intake temperatures (NETL 2002,
Miara and Vorosmarty 2013). Thermoelectric plants that do
not withdraw or consume water from river systems include
those that implement alternative methods (i.e. dry cooling)
and those that use marine sources, and represent 4.1% and
10.6% of the total number of thermoelectric plants within
the region, respectively. In the face of changing climate and
increasing energy demand (Wilbanks et al 2008), it is essential
to assess the capacity and associated environmental tradeoffs
(Bennett et al 2009) of heat regulating ecosystem services that
support the electricity sector.
If river systems were nothing more than networks of
nonconductive pipes, 100% of heat loads from power plants
would be delivered to receiving oceans and stream temperatures would reflect the conservative mixing (i.e. dilution)
of heat inputs. However, rivers are interactive pathways
that continuously exchange energy with the atmosphere
(Edinger et al 1968, Dingman 1972, Webb and Nobilis
1997, Webb et al 2003, Wilhelm et al 2006, Pedersen and
Sand-Jensen 2007, Austin and Allen 2011). The river’s ability
to mitigate thermal pollution is a function of river length,
channel dimensions, discharge magnitude and velocity, and
atmospheric conditions (i.e. wind speed, difference between
water and air temperature, relative humidity, and solar
radiation) (Edinger et al 1968, Dingman 1972). Entire
river networks thus have the potential to buffer significant
amounts of upstream anthropogenic heat loading and reduce
downstream thermal pollution. Recently developed models

2. Quantifying the heat regulating ecosystem
services of rivers
To assess thermal regulating ecosystem services provided by
river systems, we require spatially distributed models that
integrate the distribution, type and size of power plants, their
water demands and heat loads, and hydrologic and thermal
conditions throughout the river system. Models must account
for natural and anthropogenic heat loading, discharge, and
re-equilibration by aquatic systems. We embedded power
plant and water temperature models in the framework for
aquatic modeling in the Earth system (FrAMES) (Wollheim
et al 2008a, 2008b, Wisser et al 2010, Stewart et al 2011)
to simulate river flows, electricity generation, and water
temperatures in the Northeast US at a spatial resolution of
3 min (latitude/longitude) (figure S.1, available at stacks.
iop.org/ERL/8/025010/mmedia). FrAMES utilizes the water
balance model (WBM) and water transport model (WTM)
(Vorosmarty et al 1998, Wisser et al 2010) for the coupled
simulation of the vertical water exchange between the land
surface and the atmosphere and the Muskingum–Cunge
routing of horizontal water transport (Ponce 1994) through
branching river segments. This spatially distributed, gridded
2
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river network model was updated with modules to account for
transport, mixing and re-equilibration of water temperatures
along river reaches at a daily time step. Model results
match well with United States Geological Survey (USGS)
observations for discharge (n = 694 stations) and water
temperature (n = 243 stations) in basins ranging from 200
to 70 200 km2 (figures S.2, S.3, available at stacks.iop.
org/ERL/8/025010/mmedia). Model input data includes total
daily precipitation, average daily air temperature, cloud cover,
and wind speed which were acquired from NASA’s Global
Modeling and Assimilation Office (Modern Era-Retrospective
analysis for Research and Applications or MERRA). Model
output was summarized for quantification of summer (June,
July, August), winter (December, January, February), and
annual impacts. Tidal influences were not incorporated in the
current version of the model; thus, reported values for thermal
impacts are in terms of exported freshwater temperatures only.
A detailed summary of each model, their linkages, input data,
and validation is described in the supplementary material
(available at stacks.iop.org/ERL/8/025010/mmedia).
The non-point thermal loading model (NTLM) was used
to generate runoff heat fluxes as the product of (1) surface
and groundwater runoff inputs to each individual river
grid cell and (2) their associated temperatures. Precipitation
was assigned the mean daily air temperature in each
grid cell, whereas snowmelt was assigned a temperature
of 0 ◦ C. Surface runoff temperatures are volume-weighted
mixtures of precipitation and snowmelt temperatures, whereas
groundwater runoff temperatures are the result of volumeweighted mixtures of percolation temperatures that comprise
shallow ground water. Similar models have been developed
for other domains, including global (van Beek et al 2012,
van Vliet et al 2012) and regional northwestern US (Wu et al
2012). Runoff and its water temperature from the local grid
cell are then mixed with routed fluxes from upstream and any
storage existing in the river channel from the previous time
step.
Re-equilibration of water temperatures during flow
routing through the river network is computed using the river
temperature re-equilibration model (RTRM). This method is
based on a combined empirical and deterministic approach
outlined in Dingman (1972). The method is appropriate for
large scale applications (Mohseni and Stefan 1999, Bogan
et al 2003, Pedersen and Sand-Jensen 2007, Austin and
Allen 2011), including lakes and large rivers (Morse 1972)
and is based on the theory of equilibrium temperature—the
temperature at which there is no net exchange of energy with
the atmosphere (Edinger et al 1968, Dingman 1972, Webb
et al 2003).
The thermoelectric power and thermal pollution model,
or TP2M (Miara and Vorosmarty 2013), was applied to
simulate power plant operations including withdrawals,
consumption (evaporation), and resulting return flows and
temperatures to the river network corresponding to electricity
demand. TP2M accounts for reduced power plant efficiency
and electricity generation when cooling water temperatures
in the power plant condenser increase above a threshold
temperature. Historical reported values (2000–2010) for

Figure 1. Locations of freshwater once-through cooling (OTC, red)
and re-circulating cooling (RCC, blue) thermoelectric power plants
within the study domain. Dry cooling and other hybrid technologies
(n = 19 plants) and those that withdraw from marine sources and
the Great Lakes (n = 47 plants) are not shown. Contributing
hydrological drainage areas that fall outside of political boundaries
were simulated but not displayed.

monthly power generation at all 384 thermoelectric power
plants along rivers in the region (figure 1) were used to
simulate the daily heat loads at each location. WBM, WTM,
NTLM, RTRM, and TP2M are fully coupled with one
another in FrAMES (figure S.1) and dynamically simulate
the spatially distributed waste heat loads to the river system
accounting for various cooling technologies (OTC, RCC,
dry cooling, and hybrid combinations), and fuel types.
Thermoelectric power plants that withdraw cooling water
from the Atlantic Ocean were not included in this study. Input
data requirements for TP2M were assembled from a variety of
sources including the US Energy Information Administration
(EIA) and Union of Concerned Scientist (UCS) databases and
application of standard thermodynamic equations.

3. Riverine ecosystem services and the fate of
thermoelectric heat
Of the total heat generated by thermoelectric power plants
in the Northeast US between 2000 and 2010, 34.3% was
converted to electricity, 28.4% was transferred directly to
rivers (OTC plants), 25.9% was dissipated via consumptive
water use in engineered cooling towers (RCC plants), and
the remainder was lost during the cooling process to sinks
(Rutberg et al 2011) other than the condenser (figure 2). The
electricity sector in this region therefore relies as heavily on
rivers as it does on engineered evaporative cooling towers
to convey heat from plants during electricity generation.
Thermoelectric power plants within the region draining
to the Atlantic produced a total of 461.0 TWh yr−1 of
electricity, 54.3% of which was generated by OTC plants
(table 1). The ability of river systems to serve as horizontal
cooling towers involves two supporting ecosystem services:
downstream transport/dilution and heat dissipation in the
3

OTC

250.4
1.7
13.3
23.4
36.1
12.2
33.8
24.5

Basin

Atlantic
Penobscot
Merrimack
Connecticut
Hudson
Delaware
Susquehanna
James

210.6
2.9
2.5
2.7
15.1
58.6
36.4
4.8

RCC

461.0
4.6
15.8
26.1
51.2
70.8
70.2
29.3

Total
1055
7.6
25.5
50.3
252.3
86.7
239.7
177.6

OTC
−0.6
0.0
0.0
0.0
0.0
−0.1
−0.3
0.0

RCC
1054
7.6
25.5
50.3
252.3
86.6
239.4
177.6

Net
4.5
0.5
3.1
2.6
11.3
5.5
7.1
19.7

Net
1.9
0.2
1.0
0.8
5.0
2.7
2.9
8.2

Sum.

0.9
0.1
0.6
0.4
2.4
0.9
1.3
3.1

Win.

0.9
0.1
0.6
0.5
2.5
1.1
1.5
3.9

Ann.

11.9
7.6
19.1
20.3
6.4
12.9
11.1
21.5

Sum.

12.9
22.3
33.6
39.6
7.5
11.9
11.6
13.9

Win.

11.3
10.5
22.2
23.8
6.2
12.5
9.7
18.1

Ann.

Table 1. Average annual thermoelectricity produced (2000–2010), the associated waste heat inputs to the river network, the resulting temperature increases at the river mouth due to thermal
pollution, and the per cent of heat dissipated by the riverine ecosystem service.
Thermoelectricity
Heat concentration
Freshwater temperature increase
Heat attenuated by riverine
produced (TWh yr−1 )
Heat input to river (PJ yr−1 )
(TJ km−3 yr−1 )
at river mouth (◦ C)
ecosystem (%)

Environ. Res. Lett. 8 (2013) 025010
R J Stewart et al
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Figure 2. Allocation of total heat (in petajoules) generated in freshwater thermoelectric power plants during electricity production at
selected basins, including heat to evaporative cooling towers (red), heat to electricity generation (green), heat lost to sinks other than the
condenser (gray), heat to river (dark and light blue), heat attenuated by riverine ecosystem services (light blue), and heat conveyed to the
ocean (dark blue).

rivers themselves. Our model suggests that, of the heat
transferred to rivers draining into the Atlantic, 11.3% is
dissipated, and the remainder (935.2 PJ yr−1 ) is transported
to oceans.
The regulating capacities of river networks vary by
watershed, depending on the magnitude of heat inputs
(table 1), the spatial distribution of power plants within
the basin, and to a lesser extent climate conditions. Long
flow paths from heat source to the river mouth provide
greater opportunity for impacted water temperatures to reach
equilibrium. Temperature regulation also varies slightly with
season (12.9% of total river heat inputs removed during the
winter, 11.9% during the summer). Average annual network
scale heat removal in northeast basins range from 6.2% in the
Hudson (6.4% in summer, 7.5% in winter) to 23.8% in the
Connecticut (20.3% in summer, 39.6% in winter). Predicted
increases in average freshwater temperatures exported at river
mouths due to power plants range from 3.9◦ in the James
(8.2◦ in summer, 3.1 in winter) to 0.1◦ in the Penobscot
(0.2◦ in summer, 0.1◦ in winter). Actual water temperatures
in the James are likely to be less elevated than simulated due
to tidal dilution, which is not represented in our model. Tidal
dilution impacts approximately the last 233 km and 170 km of
the Hudson River and James River main stems, respectively.
Downstream thermoelectric power plants benefit from the
service of heat dissipation by the upstream river network. To
assess the benefits of this service, we calculated the average
number of days per year in which water temperatures are
below the critical OTC power plant operational threshold
of 22 ◦ C (EEA 2008, van Vliet et al 2011, Miara and
Vorosmarty 2013) due to riverine heat dissipation. We made

this calculation using model scenarios where power plant heat
re-equilibration was and was not allowed to occur. Nearly half
(48.6%) of freshwater OTC plants experienced some increase
in the average number of days where intake river temperatures
were optimal because of heat dissipation (figure 4), with the
average benefit small (2.1 days) over the 11 year period.
However, average benefits ranged from 0.1 to 22.7 days across
individual plants depending on the upstream distance and
magnitude of heat loads. Further, benefits increased during dry
years, as three plants in the region gained over 41 optimal days
during 2001, which suggests the thermoelectricity sector may
rely more heavily on riverine ecosystem services under certain
climate conditions, with implications for future climate
changes.
In aggregate, OTC plants produce all of the total net
annual heat loads to rivers (table 1) and many of the largest
of these are located near basin mouths due to the large water
withdrawals they require (Kenny et al 2009). As a result of this
common spatial configuration, a significant amount of thermal
pollution (1) escapes the river network, and (2) impacts other
downstream plants near the basin mouth, with little heat
reduction provided by the river’s ecosystem service. In this
sense, the ecosystem service provided by the regional network
of rivers is generally limited to waste heat conveyance rather
than attenuation. Exceptions include the Connecticut and
Merrimack, where over one-fifth of annual waste heat inputs
to each basin are dissipated (table 1).
Total annual heat inputs to rivers, standardized by
total annual basin discharge, reveals a broad range in the
concentration (defined as total heat/basin runoff) of annual
heat loads (PJ km−3 yr−1 ) and the dilution capacities among
5

Environ. Res. Lett. 8 (2013) 025010

R J Stewart et al

Table 2. Count of thermoelectric power plants in each basin, the average distance for each type of plant to the river mouth (weighted based
on total energy output), and the percentage of average summer flows (2000–2010) that are withdrawn and consumed during electricity
production.
Thermoelectric
power plant count

Weighted
distance (km)

Avg. summer
withdrawals (%)

Avg. summer
consumption (%)

Basin

OTC

RCC

Ratio

OTC

RCC

OTC

RCC

Total

OTC

RCC

Total

Atlantic
Penobscot
Merrimack
Connecticut
Hudson
Delaware
Susquehanna
James

185
6
6
16
20
20
16
8

169
2
4
8
7
25
10
8

1.1
3.0
1.5
2.0
2.9
0.8
1.6
1.0

123.4
49.6
104.5
134.9
55.8
60.4
122.3
120.9

238.8
65.6
93.1
94.0
134.9
103.4
216.7
211.8

22.1
1.1
10.4
30.0
49.3
25.9
30.2
94.8

0.5
0.0
0.1
0.0
0.1
2.4
0.9
0.3

22.6
1.1
10.5
30.0
49.4
28.3
31.1
95.1

0.1
0.0
0.1
0.2
0.3
0.2
0.2
0.4

0.4
0.0
0.0
0.0
0.1
1.9
0.7
0.3

0.5
0.0
0.1
0.2
0.4
2.1
0.9
0.6

Figure 3. Increase in average summer water temperatures
(2000–2010) due to thermal pollution from power plants. Callout
boxes show results for average winter conditions in selected regions.
Temperature increases due to plants are more widespread in the
summer because waste heat inputs are dissipated more quickly in
the winter.

Figure 4. Average increase in the number of optimal operation
days (days with intake river temperatures below 22 ◦ C) per year at
OTC plants due to the upstream ecosystem service of heat
dissipation. Data shown were quantified by comparing scenarios
with and without dissipation of upstream power plant heat over the
11 yr model period.

Northeast basins (table 1). The relatively high concentration
of heat inputs in the Hudson and James Rivers (table 1)
are likely because plants in these systems rely heavily on
the additional dilution capacity provided by tidal water that
our model does not account for. To better understand the
spatial distribution of heat inputs, for each drainage network
we calculated the average flow path distance from OTC and
RCC power plants to the river mouth, weighted based on
energy production (table 2). The average weighted distance
to the ocean for OTC power plants in the Connecticut
River basin (134.9 km) is the longest of those studied in
the Northeast, whereas the Hudson has the shortest average
weighted distance (55.8 km). These patterns heavily impact
total network heat retention (table 1) and offset the fact that
both the Connecticut and Hudson Rivers are in cooler northern
areas of our regional domain. Thermoelectric plants in both
of these basins predominantly use OTC technologies and
rely extraordinarily on rivers as horizontal cooling towers,
releasing over 48% of the total annual waste heat generated
to the river system (figure 2).

Re-circulating cooling towers are highly effective in
preventing anthropogenic heat from passing into the river
network (table 1). A full 100% per cent of the total net
annual electricity sector heat inputs to the river system are
from power plants that use OTC technologies (table 1). Water
temperatures of blowdown, the effluent from RCC towers,
typically have a negligible affect on river temperatures (Miara
and Vorosmarty 2013) but are shown here to be cool enough
to result in a small net heat loss from the river systems. Cold
effluent from RCC plants is enough to reduce average summer
and even winter water temperatures in a few tributaries, but
not in the larger main stem rivers (figure 3).

4. Impacts on aquatic ecosystems
The environmental costs associated with utilizing river
networks to dissipate heat are reduced flow (from RCC
and OTC) and increased freshwater river temperatures (from
OTC). Total water withdrawals for thermoelectricity in the
Northeast are substantial, corresponding to 11.8% of average
6
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Table 3. Increases in unsuitable thermal habitats for various fish species in river segments downstream of thermoelectric plants. The total
length of all river segments downstream of plants is 7530 km.

Fish species
Brook trout
Rainbow trout
Longnose dace
Creek chub
Northern pike
Walleye
Smallmouth bass
Bluntnose minnow
Golden shiner
River Carpsucker
Red shiner
Largemouth bass
a

Salvelinus fontinalis
Oncorhynchus mykiss
Rhinichthys cataractae
Semotilus atromaculatus
Esox lucius
Stizostedion vitreum
Micropterus dolomieui
Pimephales notatus
Notemigonus crysoleucas
Carpiodes carpio
Cyprinella lutrensis
Micropterus salmoides

Maximum
average weekly
tolerancea (◦ C)

Unsuitable habitat
without
thermoelectric
plants
considered (km)

Increase in
unsuitable habitat
due to
thermoelectric
plants (km)

Per cent increase
in unsuitable
habitat (%)

22.4
24.0
26.5
27.1
28.0
29.0
29.5
30.1
30.9
32.1
34.0
35.5

7526.6
7451.1
6100.1
5712.9
5260.9
4687.1
4275.3
3852.7
3177.5
2293.8
1452.8
917.6

3.9
45.5
191.8
240.3
227.8
461.1
648.3
708.7
773.4
906.5
782.5
738.6

0.1
0.6
3.1
4.2
4.3
9.8
15.2
18.4
24.3
39.5
53.9
80.5

From Eaton and Scheller (1996).

annual flows (ranging in basins from 0.7% to 42.9%) and
22.6% of average summer flows (ranging from 1.1% to
95.1%), though most of these are non-consumptive (table 2).
OTC dominates water usage, representing 98.0% of total
annual and summer withdrawals by the sector. The range in
water withdrawal during dry years (i.e. 2001) is considerable,
ranging from 1.1% (Penobscot River) to 223% (James
River) of total freshwater summer flows. Increased water
temperatures and consumption of river discharge can both
degrade natural habitats, especially during summer periods
when flows are naturally low (Schindler et al 2005, Caissie
2006).
RCC withdraws substantially less than OTC technologies, but is nearly three times more consumptive, representing
74.1% of the total water consumed by thermoelectric plants
in the region. Evaporative losses are minor in proportion
(0.5%) to the average summer flow conditions in all
basins in the northeast (table 2). The Delaware River
experiences the greatest reductions in flow due to power plant
consumption, losing 2.1% of average summer discharges.
Water consumption during the driest year (2001) corresponds
to 2.9% of summer flows in the Delaware River, but only 0.7%
of summer flows for all basins draining to the Atlantic and
implies evaporative water use by the thermoelectric sector is
appropriate in this region relative to its hydrologic regime.
Thus, our study aligns with earlier analyses (Averyt et al
2011) on the impact of thermoelectric stress on water supply
in the northeast: the flow regime is minimally affected by
power plants in the region on average, and we found only
slightly more impact during dry years.
In contrast, heat inputs via OTC alter the temperature
regime, sometimes over great distances. To identify the
signature that thermal pollution has on water temperatures,
simulations were conducted with and without TP2M
activated. Heat inputs from thermoelectric power plants
increase average summer and winter water temperatures by at
least one degree in 25.7%, and 16.7% of potentially impacted
river length (segments downstream of OTC and RCC plants

which total 7530 km) in watersheds that drain to the Atlantic.
Localized temperature increases can be extreme, especially in
the winter (up to 27.0 ◦ C) but are quickly diluted or dissipated.
Impacts are lower but more widespread in the summer
(figure 3). Peak temperature increases due to power plants are
more significant in the winter due to the large difference in
effluent and ambient temperatures but re-equilibration during
cold months is rapid because heat dissipates quickly to the
atmosphere over short flow path distances. Rivers are more
effective at temperature re-equilibration during the winter than
in the summer despite higher flows that would otherwise
reduce their effectiveness at re-equilibration (Wu et al 2012).
Slower dissipation of anthropogenic heat loads during the
summer means that minor disturbances often propagate
great distances downstream. This is most notable along the
Connecticut River downstream of the Vermont Yankee power
plant (located in the southeast corner of Vermont) where water
temperatures due to thermal pollution are perturbed more than
1 ◦ C over a short distance in the winter, but extend over the
entire length of Massachusetts in the summer (figure 3).
Increased freshwater temperatures due to anthropogenic
heat loads pose risks to the thermal habitat of native fish
in the region. We conducted a simple analysis of impacts
to fish thermal habitat similar to that of Mohseni et al
(2003). The fish and temperature database matching system
(Eaton et al 1995, Eaton and Scheller 1996) was used to
define maximum average weekly temperatures tolerated by
select cold, cool, and warm water fish species (table 3).
Unsuitable habitat was defined on an annual basis as grid cells
with maximum average weekly temperatures that exceed the
maximum thermal tolerances for each species (Mohseni et al
2003). We quantified the total unsuitable habitat in all river
lengths downstream of OTC and RCC for pristine (without
TP2M) and contemporary (with TP2M) scenarios.
An increase in total unsuitable thermal habitats in rivers
due to power plant discharges is apparent for all species
considered (table 3). But, perhaps counterintuitively, power
plant thermal pollution has a greater impact on the potential
7
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anthropogenic heat dissipation is small but may increase
with future climate. Thermal habitat loss in river segments
downstream of plants is considerable, and will be exacerbated
with climate change on the horizon (Eaton and Scheller 1996,
van Vliet et al 2011) and increasing energy demands.
OTC cooling technologies withdraw a substantial
proportion of river flows and leave a moderate footprint
on average seasonal river temperatures whereas RCC plants
evaporate considerably more river discharge but appear to
pose minor environmental concern due to the low proportions
of average summer flows they consume. Thus from a
purely aquatic ecosystem standpoint, RCC technologies are
preferred in water rich regions as OTC plants and their
reliance on horizontal cooling towers may put an unnecessary
stress on aquatic ecosystems. However, RCC technologies
have much higher total costs. Total capital costs, operating
costs, the efficiencies of the two cooling technologies, and
the ancillary costs associated with relying on horizontal
cooling towers to buffer heat loads for freshwater and
coastal environments must be considered to fully evaluate the
tradeoffs associated with thermoelectric power plants. These
tradeoffs will vary across regions depending on local climate.
Despite having even higher capital and operating costs,
alternative technologies such as dry cooling may be preferred
from an aquatic ecosystem standpoint. Future management
should also consider the geographic placement of plants in
the river network to minimize environmental impacts given
increasing electricity demands and warming climate.

thermal habitat of warm water, rather than cool and cold-water
fish. This is because, in our study region, conditions are
already marginal for cool and cold-water fish in large rivers,
and these species find refuge in headwaters and low-order
streams (Hudy et al 2008) that do not receive power plant
effluent. In segments downstream of plants, thermal pollution
results in increases of 0.6%, 9.8%, and 53.9% in total annual
river lengths where maximum average weekly temperatures
exceed 24 ◦ C, 29 ◦ C, and 34 ◦ C, respectively. In some cases,
thermal pollution raises peak summer water temperatures
to levels above critical ecosystem thresholds (EPA 2011).
These pockets of exceptionally warm temperatures (up to
46 ◦ C in freshwater systems during extreme events) could
cause severe disruptions in otherwise healthy ecosystems,
and the magnitude of these impacts is just beginning to be
documented (Hester and Doyle 2011). Warm areas along the
river corridor during winter may also provide refugia for
various warm water invasive species (Dukes and Mooney
1999, Durance and Ormerod 2007, Pandolfo et al 2010, Rosa
et al 2012), further threatening native aquatic wildlife.
Regional (Kaushal et al 2010) and global (van Vliet
et al 2011) water temperature analyses have identified
increasing water temperatures that are correlated with rising
air temperatures. Annual mean water temperatures in some
large streams and rivers in the US are increasing at a rate
between 0.009 and 0.077 ◦ C per year (Kaushal et al 2010).
Sensitivities of simulated global mean water temperatures
indicate increases of 1.3 ◦ C, 2.6 ◦ C, and 3.8 ◦ C for air
temperature increases of 2 ◦ C, 4 ◦ C, and 6 ◦ C, respectively
(van Vliet et al 2011). If these reported temperature increases
represent baseline changes due to warming climate, the
increases due to thermal pollution quantified here would
significantly exacerbate the problem in densely populated
regions with increasing energy demands (Hojjati and Battles
2005, Wilbanks et al 2008). Sensitivity analyses using
various policy, climate, and energy demand scenarios indicate
potential changes in impact (Miara et al 2013).

Acknowledgments
We are grateful to S Glidden and P Yang for data processing
and technical support. This work was supported by the
National Science Foundation through EaSM-1049181, the
Experimental Program to Stimulate Competitive Research
EPS-1101245 and through the Environmental Protection
Agency Grant STAR-RD834187.

5. Conclusions
References

Assessment of the interactions among different cooling
technologies, aquatic ecosystem services, and aquatic
ecosystem impacts are critical to identify the full costs and
tradeoffs of electricity production (Bennett et al 2009). OTC
and RCC technologies at thermoelectric power plants are
dependent on natural ecosystem services in river networks
to provide coolant and for conveyance and attenuation of
heat loads. OTC power plants are responsible for 100% of
the regional net waste heat input to the river network, and
given their spatial distribution, most (88.7% or 935.2 PJ yr−1 )
is delivered to the ocean. Thus, the general placement of
OTC plants in the Northeast limits the ecosystem service
provided by waterways to conveyance rather than mitigation
of waste heat. Upstream siting of OTC plants results in
greater attenuation of anthropogenic heat loads but longer
impact distances, whereas downstream siting results in less
freshwater impact but greater thermal loads to coastal
zones. The benefit that OTC plants gain from upstream

Austin J A and Allen J 2011 Sensitivity of summer Lake Superior
thermal structure to meteorological forcing Limnol. Oceanogr.
56 1141–54
Averyt K, Fisher J, Huber-Lee A, Lewis A, Macknick J, Madden N,
Rogers J and Tellinghusen S 2011 Freshwater Use by US
Power Plants: Electricity’s Thirst for a Precious Resource
(Cambridge, MA: Union of Concerned Scientists)
Bennett E M, Peterson G D and Gordon L J 2009 Understanding
relationships among multiple ecosystem services Ecol. Lett.
12 1394–404
Bogan T, Mohseni O and Stefan H G 2003 Stream
temperature-equilibrium temperature relationship Water
Resources Res. 39 1245
Brauman K A, Daily G C, Duarte T K and Mooney H A 2007 The
nature and value of ecosystem services: an overview
highlighting hydrologic services Ann. Rev. Environ. Resources
32 67–98
Caissie D 2006 The thermal regime of rivers: a review Freshw. Biol.
51 1389–406
8

Environ. Res. Lett. 8 (2013) 025010

R J Stewart et al

Dingman S L 1972 Equilibrium temperatures of water surfaces as
related to air temperature and solar-radiation Water Resources
Res. 8 42–9
Dukes J S and Mooney H A 1999 Does global change increase the
success of biological invaders? Trends Ecol. Evol. 14 135–9
Durance I and Ormerod S J 2007 Climate change effects on upland
stream macroinvertebrates over a 25 yr period. Glob. Change
Biol. 13 942–57
Eaton J G, Mccormick J H, Goodno B E, Obrien D G, Stefany H G,
Hondzo M and Scheller R M 1995 A field information-based
system for estimating fish temperature tolerances Fisheries
20 10–8
Eaton J G and Scheller R M 1996 Effects of climate warming on
fish thermal habitat in streams of the United States Limnol.
Oceanogr. 41 1109–15
Edinger J E, Duttweil D W and Geyer J C 1968 Response of water
temperatures to meteorological conditions Water Resources
Res. 4 1137–43
EEA 2008 Energy and Environment Report 2008 (EEA Rep.
6/2008) (Copenhagen: European Environment Agency)
EPA 2011 Water Quality Standards for Surface Waters
(Washington, DC: US Environmental Protection Agency)
Hester E T and Doyle M W 2011 Human impacts to river
temperature and their effects on biological processes: a
quantitative synthesis J. Am. Water Resources Assoc.
47 571–87
Hojjati B and Battles S 2005 The Growth in Electricity Demand in
US Households, 1981–2001: Implications for Carbon
Emissions (Washington, DC: Energy Information Agency)
Hudy M, Thieling T M, Gillespie N and Smith E P 2008
Distribution, status, and land use characteristics of
subwatersheds within the native range of brook trout in the
Eastern United States North Am. J. Fish. Manag. 28 1069–85
Kaushal S S, Likens G E, Jaworski N A, Pace M L, Sides A M,
Seekell D, Belt K T, Secor D H and Wingate R L 2010 Rising
stream and river temperatures in the United States Front. Ecol.
Environ. 8 461–6
Kenny J F, Barber N L, Hutson S S, Linsey K S, Lovelace J K and
Maupin M A 2009 Estimated Use of Water in the United States
in 2005 (USGS Circular vol 1344) (Reston, VA: US
Geological Survey)
King J, Brown C and Sabet H 2005 A scenario-based holistic
approach to environmental flow assessments for rivers (vol. 19,
p. 619, 2003) River Res. Appl. 21 579–9
MacKnick J, Newmark R, Heath G and Hallet K C 2011 A Review
of Operational Water Consumption and Withdrawal Factors
for Electricity Generating Technologies (Golden, CO: National
Renewable Energy Laboratory)
MEA 2005 Millennium Ecosystem Assessment (Washington, DC:
Island)
Meybeck M 2003 Global analysis of river systems: from Earth
system controls to Anthropocene syndromes Phil. Trans. R.
Soc. B 358 1935–55
Meybeck M and Helmer R 1989 The quality of rivers—from
pristine stage to global pollution Glob. Planet. Change
75 283–309
Miara A and Vorosmarty C 2013 A dynamic model to assess
tradeoffs in power production and riverine ecosystem
protection Environ. Sci.: Process. Impacts at press (doi:10.
1039/C3EM00196B)
Miara A, Vorosmarty C J, Stewart R J, Wollheim W M and
Rosenzweig B 2013 Ecosystem services and the thermoelectric
sector: strategic issues facing the northeast Environ. Res. Lett.
in review
Mohseni O and Stefan H G 1999 Stream temperature air
temperature relationship: a physical interpretation J. Hydrol.
218 128–41

Mohseni O, Stefan H G and Eaton J G 2003 Global warming and
potential changes in fish habitat in US streams Clim. Change
59 389–409
Morgan D E, Keser M, Swenarton J T and Foertch J F 2003
Population dynamics of the Asiatic clam, Corbicula fluminea
(Muller) in the Lower Connecticut River: establishing a
foothold in New England J. Shellfish Res. 22 193–203
Morse W L 1972 Comment on equilibrium temperatures of water
surfaces as related to air temperature and solar-radiation by
Dingman, Sl Water Resources Res. 8 1366–9
National Energy Technology Laboratory (NETL) 2002 Energy
Penalty Analysis of Possible Cooling Water Intake Structure
Requirements on Existing Coal-Fired Power Plants (Argonne,
IL: US Department of Energy)
Pandolfo T J, Cope W G and Arellano C 2010 Thermal tolerance of
juvenile freshwater mussels (unionidae) under the added stress
of copper Environ. Toxicol. Chem. 29 691–9
Pedersen N L and Sand-Jensen K 2007 Temperature in lowland
Danish streams: contemporary patterns, empirical models and
future scenarios Hydrol. Process. 21 348–58
Ponce V M 1994 Engineering Hydrology: Principles and Practices
(Englewood Cliffs, NJ: Prentice-Hall)
Postel S and Richter B 2003 Rivers for Life: Managing Water for
People and Nature (Washington, DC: Island)
Richter B D, Warner A T, Meyer J L and Lutz K 2006 A
collaborative and adaptive process for developing
environmental flow recommendations River Res. Appl.
22 297–318
Rosa I C, Pereira J L, Costa R, Goncalves F and Prezant R 2012
Effects of upper-limit water temperatures on the dispersal of
the Asian clam corbicula fluminea PLoS One 7 e46635
Rutberg M J, Delgardo A, Herzog H J and Ghoniem A F 2011 A
system-level generic model of water use at power plants and its
application to regional water use estimation Proc. ASME 2011
Int. Mechanical Engineering Congress & Exposition
IMECE2011-63786
Schindler D E, Rogers D E, Scheuerell M D and Abrey C A 2005
Effects of changing climate on zooplankton and juvenile
sockeye salmon growth in southwestern Alaska Ecology
86 198–209
Smakhtin V, Revenga C and Doll P 2004 Taking into account
environmental water requirements in global-scale water
resources assessments Comprehensive Assessment Research
Report No. 2 (Colombo: International Water Management
Institute)
Sovacool B K 2009 Running on empty: the electricity-water nexus
and the US electric utility sector Energy Law J. 30 11–51
Stewart R J, Wollheim W M, Gooseff M N, Briggs M A,
Jacobs J M, Peterson B J and Hopkinson C S 2011 Separation
of river network-scale nitrogen removal among the main
channel and two transient storage compartments Water
Resources Res. 47 W00J10
Sweeney B W, Bott T L, Jackson J K, Kaplan L A, Newbold J D,
Standley L J, Hession W C and Horwitz R J 2004 Riparian
deforestation, stream narrowing, and loss of stream ecosystem
services Proc. Natl Acad. Sci. USA 101 14132–7
van Beek L P H, Eikelboom T, van Vliet M T H and
Bierkens M F P 2012 A physically based model of global
freshwater surface temperature Water Resources Res.
48 W09530
van Vliet M T H, Ludwig F, Zwolsman J J G, Weedon G P and
Kabat P 2011 Global river temperatures and sensitivity to
atmospheric warming and changes in river flow Water
Resources Res. 47 W02544
9

Environ. Res. Lett. 8 (2013) 025010

R J Stewart et al

Wilhelm S, Hintze T, Livingstone D M and Adrian R 2006
Long-term response of daily epilimnetic temperature extrema
to climate forcing Can. J. Fish. Aquat. Sci. 63 2467–77
Wisser D, Fekete B M, Vorosmarty C J and Schumann A H 2010
Reconstructing 20th century global hydrography: a
contribution to the Global Terrestrial Network-Hydrology
(GTN-H) Hydrol. Earth Syst. Sci. 14 1–24
Wollheim W M, Peterson B J, Thomas S M, Hopkinson C H and
Vorosmarty C J 2008a Dynamics of N removal over annual
time periods in a suburban river network J. Geophys.
Res.—Biogeosci. 113 G03038
Wollheim W M, Vorosmarty C J, Bouwman A F, Green P,
Harrison J, Linder E, Peterson B J, Seitzinger S P and
Syvitski J P M 2008b Global N removal by freshwater aquatic
systems using a spatially distributed, within-basin approach
Glob. Biogeochem. Cycles 22 GB2026
Wu H, Kimball J S, Elsner M M, Mantua N, Adler R F and
Stanford J 2012 Projected climate change impacts on the
hydrology and temperature of Pacific Northwest rivers Water
Resources Res. 48 W11530

van Vliet M T H, Yearsley J R, Franssen W H P, Ludwig F,
Haddeland I, Lettenmaier D P and Kabat P 2012 Coupled daily
streamflow and water temperature modelling in large river
basins Hydrol. Earth Syst. Sci. Discuss. 9 39
Vassolo S and Doll P 2005 Global-scale gridded estimates of
thermoelectric power and manufacturing water use Water
Resources Res. 41 W04010
Vorosmarty C J, Federer C A and Schloss A L 1998 Evaporation
functions compared on US watersheds: possible implications
for global-scale water balance and terrestrial ecosystem
modeling J. Hydrol. 207 147–69
Webb B W, Clack P D and Walling D E 2003 Water–air temperature
relationships in a Devon river system and the role of flow
Hydrol. Process. 17 3069–84
Webb B W and Nobilis F 1997 Long-term perspective on the nature
of the air–water temperature relationship: a case study Hydrol.
Process. 11 137–47
Wilbanks T J et al 2008 Effects of Climate Change on Energy
Production and Use in the United States (Washington, DC:
United States Climate Change Science Program)

10

